The vital roles played by metallic ions in the metabolic activities of bacteria are well known.
One such ion, magnesium, has been reported to be quite versatile in its relation to the cell. It has been demonstrated to hold a prominent position in oxidative activities which generate high energy phosphate bonds (Goucher and Kocholaty, 1954) . It has been implicated in the puzzling phenomenon of cell permeability and transport mechanisms (Goucher et al., 1955) , and has been proved to occupy a prominent position in cellular growth and division (Webb, 1953) .
One of the areas of cellular activity shown to be magnesium dependent is in the adaptive response of Azotobacter vinelandii to the oxidation of certain substrates (Goucher et al., 1955) . Previous work (Johnson and Colmer, 1957 ) with 2,4-dichlorophenoxyacetic acid (2,4-D) and A. vinelandii indicated that the herbicide and magnesium ion had a relationship in the observed toxicity of 2,4-D for the organism. This report gives the results of studies made with A. vinelandii in its magnesium dependent adaptive response to certain substrates as further emphasis to the hypothesis that the mode of action of 2,4-D for the cell is intimately related to its chelation of essential ions.
MATERIALS AND METHODS
The organism used was A. vinelandii strain 0. The N-free mineral salts solution of Burk (Wilson and Knight, 1952 ) with 1 per cent mannitol was the growth medium. The organisms were grown on a rotary type shaker at 30 C for 16 to 18 hr in 300 ml of medium in a 1,000-ml flask.
At the end of the growth period the cells were centrifuged from the medium at 3,000 rpm for 10 min at 4 C. The cells were washed and centrifuged five times with 10-ml amounts of either 0.2 per cent KCl, pH 6.9, or M/15 phosphate buffer, pH 6.9. They were suspended in the solution in which they were washed, filtered through Reeve Angel filter paper No. 202, and were then adjusted to an optical density of 1.0 with a B + L "spectronic 20" spectrophotometer at 420 m,.
The cells used in the test on adaptation, reported in figure 1, were centrifuged from their growth medium at 3,000 rpm for 10 min at 4 C. They were then washed and recentrifuged once with 0.2 per cent KCl, and finally suspended in the same solution. A 0.5-ml portion of this suspension, adjusted to an optical density of 1.0, was used in the test.
The usual Warburg procedures were employed (Umbreit et al., 1949) . Each flask had in the reaction chamber the following materials expressed as final molar concentrations in a total volume of 3.0 ml: Phosphate buffer, pH 6.9-7.0, 0.066 or 0.077 M (as indicated); MgSO4 or CaSO4, 0.002 M (where indicated); 2 ,4-D, 0.002 M or 0.004 M (as indicated); cells, 0.5 ml. The side arm of the flask had 0.1 ml of a 0.1 M solution of the appropriate substrate to give a final concentration of 0.003 M. The center well had 0.1 ml of 10 per cent KOH and a fluted filter paper strip. All vessels were made to volume with triple distilled water. The gas phase was air and the temperature was 31 C. The vessels were allowed to equilibrate for 5 min and then the substrates were tipped in from the side arms. The pure sodium salt of 2,4-D was used.
RESULTS
Relationship between metal ions, 2,4-D, and the adaption to succinate oxidation by A. vinelandii. (Goucher and Kocholaty, 1954; Stone and Wilson, 1952) . They are adapted to the oxidation of pyruvate and acetate and unadapted to succinate, fumarate, and malate, requiring varying lag periods before the oxidation of these three substrates. The fumarate system in figure 1 was run for 3 hr to determine if the cells would eventually 666 adapt to it. The value given in the insert is the 02 uptake after 3 hr, a value which shows that adaptation did occur upon continued incubation. Figure 2 shows the relation of 2,4-D to this magnesium dependent adaptive pattern. When magnesium is added to cells washed with either KCl or phosphate, there is a marked increase in 02 uptake, with the greater degree of recovery of activity being manifest with those cells which had been washed with phosphate. With the addition of equivalent concentrations of 2,4-D and magnesium to either type of washed cells, the respiratory activity is severely impaired, and at the ratio of 2 to 1 of 2 ,4-D to magnesium, the respiration of the cells is almost completely inhibited. Figure 2 also emphasizes the relation of the washing techniques used to prepare the cells to the oxidative ability of the cells after such treatments. The use of KCI as the washing agent does not modify the cells as much as when phosphate is used for washing. This can be seen in the differences in 02 uptake by the cells which had no additional magnesium or calcium added.
Relationship between metal ions, 2 ,4-D, and the adaptation to acetate oxidation by A. vinelandii. 
DISCUSSION
Since the oxidation of acetate and succinate by A. vinelandii had been shown to be dependent upon the magnesium content of the environment, it seemed that these systems could provide another proving ground for the hypothesis proposed earlier, that a possible primary mechanism of 2,4-D inhibition of living organisms was due to its ability to compete with the cells for magnesium or other vital ions through a process of chelation.
When cells were washed five times with either a solution of KCl or a phosphate buffer (two commonly used agents for freeing cells from remnants of their growth medium), their oxidative activities for all the test substrates were lowered; but, irrespective of their previous treatment, a restoration of their impaired activity could be made by the addition of magnesium. This restoration also could be produced by the addition of calcium, but to a lesser degree.
Figures 2 and 3 show that if 2 ,4-D is present, however, the restoration of respiration by magnesium is markedly inhibited, with the greatest inhibition being produced by the herbicide upon the phosphate washed cells. Since in figure 3 it can be seen that calcium, too, was active in the restoration of activity to cells, washed witheither KCl or phosphate, respiring on acetate, it is of interest to note that this calcium induced activity is also curtailed in the presence of 2,4-D.
In addition, it is noteworthy that the use of KCl or phosphate buffer interchangeably as washing and suspending solutions for bacterial cells that are to be used for physiological investigations may not be wholly justified. It The oxidative activity of these cells is considerably reduced when they are washed five times with KCI or phosphate buffer. The reduction in activity is always greater in the presence of increased phosphate.
The reduced oxidative activity can be stimulated by the addition of magnesium. Calcium may substitute for magnesium in this stimulation, the difference in stimnulation being only in degree.
2,4-Dichlorophenoxyacetic acid inhibits the respiration of the cells at an equimolar concentration with magnesium or calcium; a greater inhibition is produced by a molar ratio of 2 to 1, 2,4-D to metal ion.
The toxicity of 2 ,4-D is enhanced in the presence of phosphate.
